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By To obtain Vertical coordinate information is referenced to the North American Vertical Datum of 1988 (NAVD 88).
Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Elevation, as used in this report, refers to distance above the vertical datum.
Concentrations of chemical constituents in water in this report are given in milligrams per liter (mg/L) or nanograms per liter (ng/L). Concentrations of chemical constituents in sediment in this report are given in nanograms per gram (ng/g).
Water year (WY) is the 12-month period, October 1 through September 30, and is designated by the calendar year in which it ends. Thus, the water year ending September 30, 2009, is called the "2009" water year. 
Units of Measure, Abbreviations, and Acronyms

Abstract
The Glacial Ridge National Wildlife Refuge was established in 2004 on land in northwestern Minnesota that had previously undergone extensive wetland and prairie restorations. About 7,000 acres of drained wetlands were restored to their original hydrologic function and aquatic ecosystem. During 2007-9, the U.S. Geological Survey, in cooperation with the U.S. Fish and Wildlife Service and the Red Lake Watershed District, analyzed mercury concentrations in wetland water and sediment to evaluate the effect of wetland restoration on mercury methylation. The wetland waters sampled generally were of the calcium/magnesium bicarbonate type. Nitrogen in water was mostly in the form of dissolved-organic nitrogen, with very low dissolved-nitrate and dissolved-ammonia concentrations. About 71 percent of all phosphorus in water was dissolved, with one-half of that in the form of orthophosphorus. Wetland water had total-mercury and methylmercury concentrations ranging from 1.5 to 20 nanograms per liter (ng/L) and 0.2 to 16 ng/L, respectively. Median concentrations were 7.1 and 2.9 ng/L, respectively. About one-half of the mercury in wetland water samples was in the form of methylmercury, but this form ranged from 7 to 81 percent of each sample.
Compared to concentrations in stream sediment samples collected throughout the United States, Glacial Ridge National Wildlife Refuge wetland sediment samples contained typical total-mercury concentrations, but methylmercury concentrations were nearly twice as high. The maximum concentration measured in Glacial Ridge National Wildlife Refuge wetland water approached the highest published water methylmercury concentration in uncontaminated waters of which we are aware. However, the upper quartile of water methylmercury concentrations is similar to concentrations reported for some impoundments and wetlands in northwestern Minnesota and North Dakota. Methylmercury concentrations in sampled wetlands were much higher than those from typical lakes or flowing streams throughout the United States.
The high concentrations of methylmercury measured in sampled wetlands indicate the potential for substantial methylmercury concentrations in aquatic biota and wildlife that consume those biota. These wetlands also are a methylmercury source for downstream lakes and rivers. The high
Introduction
The Glacial Ridge National Wildlife Refuge (hereinafter Glacial Ridge) is located in northwestern Minnesota, about 15 miles east of the city of Crookston ( fig. 1 ). It was established in 2004 on land that had previously undergone extensive wetland and prairie restorations by The Nature Conservancy (The Nature Conservancy, 2012). In total, 7,000 acres of drained wetlands were restored to their original hydrologic function and aquatic ecosystem. In most cases, these wetlands had been drained since the early part of the 20th century and were used as grazing or crop land. Flooding of terrestrial environments substantially increases methylmercury production and concentrations in physical and biological components of aquatic ecosystems (Bodaly and others, 1997; Kelly and others, 1997; Snodgrass and others, 2000; St. Louis and others, 2004; Strange and Bodaly, 1999) . Researchers have seen this phenomenon in nearly every setting in which mercury has been studied, including large hydroelectric reservoirs (Hecky and others, 1991) ; small impoundments (Bodaly and Fudge, 1999; Brigham and others, 2002; St. Louis and others, 2004) ; and waters that undergo large changes in stage (long hydroperiod), resulting in periodic drying and reflooding of soils (Snodgrass and others, 2000) . These environments contain abundant organic matter, which is a mercury reservoir, and frequently experience anaerobic conditions that promote the growth of mercury-methylating sulfate-and iron-reducing bacteria.
Land managers in the Glacial Ridge area need to understand the dynamics of mercury methylation in the newly restored wetlands to properly manage wildlife populations. To address this need, the U.S. Geological Survey (USGS), in cooperation with the U.S. Fish and Wildlife Service and the Red Lake Watershed District, completed a study of mercury in wetlands at Glacial Ridge during 2007-9. This report documents total-mercury (all forms of mercury) and methylmercury concentrations in water and sediment samples from pairs of example wetlands at Glacial Ridge collected for this study. Although water and sediment mercury concentrations are not direct measures of risk to wildlife, these surrogates are relatively easy media to measure and are comparable to many literature measurements. These data provide insights on the relative abundance of methylmercury in Glacial Ridge wetlands compared to other aquatic ecosystems.
Methylmercury production (the conversion of inorganic mercury to the bioaccumulative methylmercury form) at Glacial Ridge is of particular concern because although the land supports a variety of wildlife, primarily birds rely on the aquatic ecosystem to provide food and a habitat in which to raise their young. Fish, birds, and other wildlife are susceptible to the toxic effects of methylmercury, even within the range of concentrations observed in natural settings that are unaffected by direct point-source discharges of mercury waste (Scheuhammer and others, 2012) . A recent literature review noted that "correlations indicative of adverse effects in wild fishes have been reported for multiple recent field studies in which maximal tissue concentrations were less than 1.0 micrograms mercury per gram (μg Hg/g) wet weight" (Sandheinrich and Wiener, 2011) . Waters with mean aqueous methylmercury concentrations higher than about 0.3 nanograms per liter (ng/L) commonly contain predatory game fish with tissue methylmercury concentrations of about 1 μg Hg/g wet weight (Chasar and others 2009; Wiener and others, 2006) .
Another recent literature review (Scheuhammer and others, 2007) noted that methylmercury concentrations exceeding 15 milligrams per kilogram (mg/kg; parts per million) in tissues of adult birds were associated with methylmercury intoxication, including death. Egg mercury concentrations exceeding 1 mg/kg are associated with reduced reproductive success (reduced hatchability and increased embryonic mortality) in several bird species, and brain mercury concentrations exceeding 3 mg/kg are associated with mortality in developing bird embryos (Scheuhammer and others, 2007) . Common loons consuming prey that contains more than 0.3 mg/kg methylmercury suffer reduced reproductive success (Scheuhammer and others, 2007) . Heinz and others (2009) examined methylmercury toxicity to the embryos of 26 bird species and found considerable differences in toxicity among species.
Many interrelated dynamic features of natural water bodies cause methylation of inorganic mercury. Mercury methylation is one of many biogeochemical effects caused by hydrologic change in an ecosystem. Organic matter decomposition is an important biogeochemical process in newly flooded (or newly reflooded) wetlands. After inundation, oxygen in sediment pore water (and to an extent the overlying water column) is quickly consumed, and anoxic microbial processes become important, particularly in stagnant water and in the uppermost bed sediments. Some microbes, notably some species of sulfate-reducing bacteria (Compeau and Bartha, 1985) and iron-reducing bacteria (Kerin and others, 2006) , produce methylmercury from inorganic mercury as a byproduct of respiration. Over time, mercury methylation may be limited by sulfate depletion or a buildup of reduced sulfur species like sulfide. Reduced sulfur species may effectively complex inorganic mercury, reducing its availability to sulfate-reducing bacteria. In environments that undergo wet/dry cycles, reduced sulfur species may oxidize during dry periods, producing sulfate that is then available for sulfate reduction and mercury methylation during the next wet cycle.
This methylation research indicates that restoring wetlands may result in high rates of mercury methylation and higher methylmercury concentrations than older, established wetlands where the water levels are relatively stable. The magnitude of methylation and its transport to aquatic food webs likely depend on many site-specific and time-varying factors, including hydroclimatic conditions, wetland hydroperiod (how much the stage fluctuates in response to wet/dry cycles), organic-matter content of the flooded soils, nutrient dynamics, and sulfate availability (Bodaly and others, 1997; Pickhardt and others, 2002; Wiener and others, 2003) .
This study was undertaken cooperatively between the U.S. Geological Survey and the U.S. Fish and Wildlife Service and the Red Lake Watershed District (Agreement No. 301817J119). Staff from these organizations and The Nature Conservancy provided valuable insights and help. Jason Eckstein, formerly of The Nature Conservancy, provided essential information on wetland hydrologic behavior and restoration history and planning.
Objectives, Study Design, and Methods
The original objectives of the study were threefold:
1. Determine if and to what degree mercury concentrations in a newly reestablished wetland increase relative to an unrestored wetland, 2. Document mercury concentrations in water and sediment of the wetlands to increase understanding of the potential for high methylmercury exposures to wetland-dependent wildlife, and 3. Compare these mercury concentrations to existing toxicological risk data to underscore its relevance to aquatic ecosystems.
The planned sampling design to achieve these objectives consisted of collecting 24 water and 24 sediment samples per water year for 3 years at four sites established in each of two wetlands. A water year is the 12-month period, October 1 through September 30, and is designated by the calendar year in which it ends. Four sites in each wetland were sampled to assess spatial variability in the wetland water and sediments. One wetland (the control) was to be unrestored during the sampling period and one was to be newly restored. The water samples were to be collected during the open-water period in two eight-sample synoptic samplings plus four two-sample variability samplings. This plan would result in two synoptic samplings of all wetland sites to assess spatial variability within the wetlands. The plan also would result in two sites (one in each wetland) with six samples per year to assess temporal variability. The sediment samples were to be collected in three eight-sample events along a transect from the deepest wetland point to the wetland edge. Unfortunately, this planned sampling design had to be modified during sample collection for two reasons. First, the wetlands originally chosen to sample often were dry. Three nearby wetlands were substituted when the originals were dry, so samples were collected at a total of five wetlands. Second, all the sampled wetlands started out unrestored, with three being restored at various times during the sampling period. Wetland (hereinafter WL) 17 and WL18 remained unrestored during most of the sampling, serving as control sites ( fig. 2) . The other three wetlands were restored in 2007 (WL14 and WL15) and 2008 (WL16), during the sample collection period. Table 1 shows a comparison between planned samples and collected samples. Three features of the samples actually collected prevent the first study objective (the comparison of mercury concentrations between restored and unrestored wetlands) from being achieved. First, the number of water samples from restored wetlands was about one-half that from unrestored wetlands (18 and 37 samples, respectively). Second, water samples from both groups did not come from a single wetland as originally planned, increasing variability and making comparison difficult. Finally, no wetland remained completely unrestored or was completely restored during the entire sampling period. WL14 and WL15 were restored early in the sampling period but rarely held enough water to sample. WL16 was not restored until mid-2008, and WL17 was restored in mid-2009. Thus, only objectives 2 and 3 were achieved, and only results related to these objectives are presented in this report.
The distribution of the collected samples required a different analysis strategy than originally envisioned. Three analyses were performed. First, each sample was assigned a restoration status based on whether the wetland was restored before or after the sample was collected. Statistics were compared between the restored and unrestored sample groups. Second, samples collected at an individual site were compared temporally with each other. Finally, the concentrations of constituents were plotted against each other for all samples to look for relations among constituents.
Samples were collected in a way to avoid contamination using standard USGS methods (U.S. Geological Survey, variously dated). The details of sampling and analysis for each set of constituents are shown in table 2. Water samples were collected from about 1 inch below the water surface using precleaned C-flex tubing and a peristaltic pump. Wetland bed-sediment samples were collected with a Teflon scoop at the sediment/water interface. Mercury samples were put into precleaned containers from the USGS Mercury Research Laboratory in Middleton, Wisconsin, according to the laboratory's protocols (U.S. Geological Survey, 2008). Between each sample, the tubing and scoop were cleaned with a nonphosphate detergent, rinsed with tap water, and rinsed with deionized water at the USGS Mounds View or Grand Rapids, Minn., field laboratories.
Wetland water was analyzed for physical properties and concentrations of filtered (dissolved) major ions, filtered (dissolved) and unfiltered (dissolved and particulate) nutrients, dissolved organic carbon, and unfiltered mercury (total and methylmercury). Particulate concentrations were determined by subtracting filtered values from the unfiltered values. Wetland sediment was analyzed for concentrations of total mercury, methylmercury, and loss-on-ignition. Water-quality data collected for this study during the period June 2007-September 2009 are available in the USGS National Water Information System (U.S. Geological Survey, 2012) using the site numbers provided in table 3.
Thirteen quality-assurance samples document sampling contamination (five blank water samples) and sample variability (sequential replicate samples, three water and five sediment) for this study. The blank water samples were analyzed for the same suite of constituents as were the environmental water samples (table 2) . Blank water, produced by the respective analyzing laboratories and tested to be free of analyzed chemicals (table 2) at the analytical reporting levels, was passed through sampling equipment to fill sample containers in the field, in the same manner as were environmental samples. The three blank sample sets thus collected were analyzed to assess sampling contamination (about 5 percent of the 55 water samples collected). All blank-sample concentrations were lower than laboratory reporting levels with the exceptions of the chemicals listed in table 4.
The blank-sample results show that sample contamination generally was very low; concentrations in blank samples were one-half to one order of magnitude lower than concentrations in the environmental samples. Because inorganic mercury is a ubiquitous trace contaminant, both in the environment and in acids and other chemicals used in mercury analysis, low-level detections of total mercury in blank water are common (Goldstein and others, 2003; Brigham and others, 2008) .
Three water and five sediment replicate samples were collected to assess the degree of reproducibility of chemical concentrations. Each replicate sample was collected sequentially after the environmental sample using the same equipment and sampling technique. Concentration variability measured with replicate samples may come from variability of concentration within the sampled medium itself or from the sampling procedure. Water concentrations were less variable than sediment concentrations, probably reflecting the fact that water is better mixed than sediment. No special effort was taken to reduce variability in sediment samples. One of the purposes for replicate samples was to assess the actual variability in the medium sampled. Many water-replicate Table 3 . Water-quality and sediment-quality data collection sites, Glacial Ridge National Wildlife Refuge, northwestern Minnesota, 2007-9 .
[Water-quality data for these sites are available in the U.S. Geological Survey (USGS) National Water Information System (NWIS, U.S. Geological Survey, 2012); Site naming convention: WLxx, wetland number shown on fig. 2 concentrations were within 10 relative percent difference (RPD = absolute value of the concentration of (original -replicate) / [(original + replicate)/2 multiplied by 100]). Chemical concentrations with RPDs greater than 10 generally were very low, near the laboratory reporting level. Small variability at low concentration produces a high RPD, which is an artifact of the statistic and not a cause for concern. Chemicals in water samples with the high concentrations and high RPDs were dissolved manganese (maximum RPD = 26), unfiltered phosphorus (maximum RPD = 25), and total mercury (maximum RPD = 43). Maximum sediment mercury and organic matter (loss on ignition) concentration RPDs ranged from 46 to 66, but median RPDs ranged from 18 to 24.
Wetland Water Quality
The wetland waters sampled generally were of the calcium/magnesium bicarbonate type, although some samples from WL17 contained as much as 55 percent sulfate in terms of anion milliequivalents. Figure 3 shows the composition and variability of ionic composition of samples, identified by wetland. The higher compositional variability of samples from WL17 probably results from the much greater number of samples from that wetland. WL17 almost always contained water to sample, unlike the other wetlands, which usually dried up in early summer. WL17 may have received more groundwater discharge than other wetlands or simply may have had a larger volume. In either case, as water evaporated from the wetland during the summer, the composition of the water, including its mercury concentrations, may have changed because of simple concentration from evaporation or as biogeochemical processes occurred. A sample from WL17 (the anionic outlier, fig. 3 ) had the highest chloride concentration of any sample collected (97.3 milligrams per liter, mg/L). The ionic composition of these wetland samples is similar to the composition of samples collected from seven wetlands in the study area during July 2004 (Cowdery and Lorenz, 2008) . However, some samples from this current study have much higher sulfate concentrations.
The wetland water was analyzed for a suite of nutrients including ammonia, organic nitrogen, nitrate, nitrite, and phosphorus. The concentration of all forms of nitrogen (N) in the samples ranged from 1.14 to 7.00 mg/L as N, most of which (86 percent) was in the form of dissolved-organic nitrogen ( fig. 4 ). The median concentration was 2.1 mg/L as N. Dissolved-nitrate and dissolved-ammonia concentrations were very low. Median and maximum dissolved-nitrate concentrations were less than 0.04 mg/L as N and 0.27 mg/L as N, respectively. Median and maximum dissolved-ammonia concentrations were 0.028 mg/L as N and 1.41 mg/L as N, respectively. The total concentration of all phosphorus (P) in the samples ranged from 0.012 to 1.61 mg/L as P, with 71 percent of the phosphorus dissolved. The median concentration was 0.334 mg/L as P. About one-half of the phosphorus was in the form of dissolved orthophosphate (46 percent).
Wetland water also was analyzed for dissolved organic carbon (DOC) because nearly all mercury in water samples is bound to this constituent. Concentrations of suspended solids were low because sampled wetland water was unmoving and clear. Concentrations of DOC in samples ranged from 13.3-41.4 mg/L, with a median concentration of 20.5 mg/L. 
Mercury in Wetlands
Water in wetlands sampled in the Glacial Ridge area had total-mercury and methylmercury concentrations ranging from 1.5 to 20 nanograms per liter (ng/L) and 0.2 to 16 ng/L, respectively ( fig. 5 ). Median total-mercury and methylmercury concentrations in water samples were 7.1 and 2.9 ng/L, respectively. No water sample had concentrations less than the laboratory reporting level of 0.04 ng/L. About one-half of the mercury in wetland water samples was in the form of methylmercury (median of 42 percent) but ranged from 7 to 81 percent. This is a much higher percentage than typical oxic lake and stream waters, in which methylmercury typically comprises about 5 percent of total mercury (although there is considerable range) (Scudder and others, 2009 relations among any chemical analyzed. A temporal analysis of water samples at a single site showed no trends among any chemical analyzed. Restoration status relation and temporal trends were also absent from sediment sample results. Mercury in wetland sediments is of concern because sediment biota are food for other organisms higher in the food chain, and because sediments are the largest reservoir of mercury in a wetland. Wetland sediments sampled in the study area had total-mercury concentrations ranging from 10.6 to 86.2 nanograms per gram (ng/g); this range is similar to the range observed recently in the Lostwood National Wildlife Refuge (NWR) in northwestern North Dakota (range of 6.77-99.0 ng/g; Sando and others, 2007, location not shown in figures). Methylmercury concentrations in wetland sediments ranged from 0.07 to 7.9 ng/g ( fig. 6 ), a greater range compared to the Lostwood NWR (range of less than 0.4-4.16 ng/g; Sando and others, 2007) . Median total-mercury and methylmercury concentrations in Glacial Ridge wetland sediments were 28.3 and 0.9 ng/g, respectively. No sediment sample had concentrations less than the laboratory reporting levels of 1.4 ng/g for total mercury and 0.07 ng/g for methylmercury. About 3 percent of the mercury in wetland sediments was in the form of methylmercury (median) but ranged from 0.3 to 34 percent. The USGS National Water-Quality Assessment (NAWQA) Program has sampled and compiled streambed sediment mercury concentrations (Scudder and others, 2009 ). Generally, wetland sediments contain more organic matter than many streambed sediments. The higher organic matter content should promote higher mercury concentrations in wetland sediments because mercury strongly sorbs to organic matter (Zillioux and others, 1993; Skyllberg and others, 2006) . Wetland sediment samples from this study had a similar but slightly lower median total-mercury concentration (28.3 ng/g) than did the NAWQA streambed sediments from unmined basins (30.3 ng/g) throughout the United States. However, Glacial Ridge area wetland sediment samples had a median methylmercury concentration (0.9 ng/g) higher than that of the NAWQA samples (0.5 ng/g). Median loss-on-ignition concentrations (a measure of sediment organic content) in the Glacial Ridge wetland sediment samples (17 percent) were higher than those from the unmined-basin NAWQA samples (4.5 percent). Wetland environments are ideal for the methylation of mercury (St. Louis and others, 1994) . These environments contain abundant organic matter, which is a mercury reservoir, and frequently experience anaerobic conditions that encourage the growth of mercury-methylating sulfate-and iron-reducing bacteria. Therefore, although Glacial Ridge area wetland sediment samples contained a typical amount of total mercury, it is reasonable that these sediment samples contained nearly double the methylmercury as did stream sediments throughout the United States.
Sediment-bound contaminants may be of direct toxicological concern to aquatic (benthic) organisms. However, total-mercury concentrations measured in Glacial Ridge wetland sediments are well below the published Probable Effect Concentration of 1,060 ng/g and also well below the Threshold Effect Concentration of 180 ng/g (MacDonald and others, 2000) . These sediment-quality criteria are consensus-based values, determined from multiple studies of toxicity associated with sediment-bound mercury. Figure 6 . Wetland sediment mercury concentrations, Glacial Ridge National Wildlife Refuge, northwestern Minnesota, 2007-9 .
Methylmercury in Water and Its Relevance to Aquatic Ecosystems
Methylmercury is a concern because of its toxicity and its large potential to accumulate and biomagnify in aquatic food webs (Wiener and others, 2003) . Methylmercury concentrations in algae or periphyton typically are about 10 3 - 10 6 (1,000-1 million) times greater than methylmercury in the water in which the organisms live (Bell and Scudder, 2007; Watras and others, 1998) . Methylmercury concentrations tend to increase with each successively higher trophic level, reaching maximum concentrations in organisms at the top of the food web (Wiener and others, 2003) . Although biological data were beyond the scope of this study, the high concentrations of methylmercury found in sampled wetlands-particularly in the water column-indicate the potential for substantial methylmercury concentrations in aquatic biota and wildlife that consume those biota.
Methylmercury concentrations in water from the sampled wetlands ranged from 0.21 to 16 ng/L, with a median of 2.9 ng/L ( fig. 5 ). The maximum concentration measured in these wetlands approaches the highest published water methylmercury concentration in uncontaminated waters of which we are aware (20 ng/L, measured in a constructed Florida Everglades wetland, Rumbold and Fink, 2006) . The upper quartile of water methylmercury concentrations in the Glacial Ridge wetlands (2.9-4.5 ng/L) exceeded most other reported water methylmercury concentrations but was similar to methylmercury concentrations reported for some impoundments and wetlands in northwestern Minnesota and North Dakota. In a survey of wetlands in the Lostwood NWR, unfiltered methylmercury concentrations in surface waters ranged from less than 0.04 to 9.56 ng/L (Sando and others, 2007) . Furthermore, seasonal and semipermanent wetlands tended to have substantially greater methylmercury concentrations than temporary wetlands (inundated briefly) or lakes (inundated year-round most years) (Sando and others, 2007) . For unfiltered surfacewater samples from northwestern Minnesota, Brigham and others (2002) reported methylmercury concentrations of 0.056-6.6 ng/L for a relatively new flood-control impoundment, 0.071-8.36 ng/L for older permanent-pool impoundments in the region, and 0.014-3.67 ng/L for reference lakes in the region. Sando and others (2003) reported unfiltered methylmercury concentrations of less than 0.04-3.53 ng/L for 16 lake, wetland, and river sites in the Devils Lake, Sheyenne River, Red River of the North, and Red Lake River Basins of North Dakota and northwestern Minnesota (locations not shown in figures).
Methylmercury concentrations in wetlands sampled for this study were much higher than typical for lakes or flowing streams ( fig. 5) . A recent NAWQA national stream survey (Bauch and others, 2009; Scudder and others, 2009 ) reported a range of unfiltered-water methylmercury concentrations of less than 0.01 to 4.11 ng/L (median of 0.11 ng/L, Bauch and others, 2009) . A survey of small lakes in Voyageurs National Park reported unfiltered methylmercury concentrations in epilimnion water samples of less than 0.03-0.53 ng/L; in low oxygen (less than 1 mg/L oxygen) hypolimnetic water samples, 0.17-2.69 ng/L unfiltered methylmercury concentrations were reported (Goldstein and others, 2003) . It is noteworthy that two of the lakes in Voyageurs National Park with relatively high water methylmercury concentrations have fish (northern pike) with the highest mercury concentrations in the State of Minnesota (Wiener and others, 2006; Minnesota Fish Contaminant Database, Bruce Monson, Minnesota Pollution Control Agency, St. Paul, Minn., written commun., 2012) .
The most widely recognized mercury human-health concern is methylmercury exposure through fish consumption. Methylmercury-related fish-consumption advisories are widespread in the Upper Midwest, including many lakes and rivers of Minnesota (Minnesota Department of Health, 2012) . In addition to human-health concerns, methylmercury is known to adversely affect wild piscivorous (fish-eating) fish, birds, and mammals. A review by Scheuhammer and others (2007) concludes that laboratory studies have demonstrated that "diets that contained Hg (as methylmercury) at environmentally realistic concentrations resulted in a range of toxic effects in fish, birds, and mammals, including behavioral, neurochemical, hormonal, and reproductive changes." Scheuhammer and others (2007) further conclude that "limited field-based studies, especially with certain wild piscivorous bird species, e.g., the common loon, corroborated laboratory-based results, demonstrating significant relations between methylmercury exposure and various indicators of methylmercury toxicity, including reproductive impairment." The study area does not contain a fishery, so toxicological concerns related to fish consumption are not directly applicable within the study area. However, the high methylmercury concentrations observed in this study attest to the importance of these kinds of wetlands as methylmercury source areas for downstream lakes and rivers, particularly for those wetlands that contribute surface flow to downstream waters.
In recent years, other (nonfish) food web routes have been recognized as a toxicologically important methylmercury exposure source for wildlife. For example, Hawley and others (2009) demonstrated that tree swallows exposed to mercury, through consumption of both terrestrial and aquatic insects, had compromised immune systems. Cristol and others (2008) reported that several songbirds accumulated high levels of methylmercury through consumption of terrestrial spiders; the spiders may have been exposed to mercury by consuming emergent aquatic insects. A review by Evers and others (2005) indicated that mercury exposure to birds can be approximately predicted by foraging guilds of the birds. A general ranking of low to high mercury exposure for birds is: terrestrial herbivores, aquatic herbivores, terrestrial insectivores, benthivorebivalves (birds that consume clams and other bivalves), benthivore-macroinvertebrates (birds that consume benthic insects and other benthic macroinvertebrates), small piscivores, and large piscivores such as eagles and common loons (Evers and others, 2005) .
No biotic methylmercury concentration data exist in the Glacial Ridge area. The high water methylmercury concentrations, combined with the strong bioaccumulation potential of methylmercury and its known ecotoxicological importance in aquatic food webs and birds that feed in those food webs, indicate a need to assess methylmercury levels and possible ecotoxicological endpoints within these ecosystems. Furthermore, aquatic ecosystem disturbances are known to exacerbate methylmercury concentrations. These disturbances include increased inputs of mercury (such as from atmospheric deposition, Orihel and others, 2007) , atmospheric sulfate deposition (Jeremiason and others, 2006) , and water-level fluctuations (Snodgrass and others, 2000) . Better understanding of factors that control methylmercury production and of methylmercury levels within aquatic food webs in ecosystems of the Glacial Ridge area would enable resource managers to better understand and manage risk to wildlife.
Summary
The Glacial Ridge National Wildlife Refuge was established in 2004 on land that had undergone extensive wetland and prairie restorations by The Nature Conservancy. About 7,000 acres of drained wetlands were restored to their original hydrologic function and aquatic ecosystem. Land managers in the Glacial Ridge area need to understand the dynamics of mercury methylation in the newly restored wetlands to properly manage wildlife populations. To address this need, the U.S. Geological Survey, in cooperation with the U.S. Fish and Wildlife Service and Red Lake Watershed District, completed a study of mercury in wetlands at Glacial Ridge during 2007-9.
The wetland waters sampled generally were of the calcium/magnesium bicarbonate type, although some samples contained as much as 55 percent sulfate in terms of anion milliequivalents. The total concentration of all nitrogen (N) in the samples ranged from 1.14 to 7.00 mg/L as N, most of which was in the form of dissolved-organic nitrogen (86 percent). Dissolved-nitrate and dissolved-ammonia concentrations were very low. The total concentration of all phosphorus (P) in the samples ranged from 0.012 to 1.61 mg/L as P, with 71 percent of the phosphorus dissolved. About one-half of the phosphorus was in the form of dissolved orthophosphorus.
Water in wetlands sampled in the study area had totalmercury and methylmercury concentrations ranging from 1.5 to 20 nanograms per liter (ng/L) and from 0.2 to 16 ng/L, respectively. Median total-mercury and methylmercury concentrations were 7.1 and 2.9 ng/L, respectively. No water sample had concentrations less than the laboratory reporting level of 0.04 ng/L. About one-half of the mercury in wetland water samples was in the form of methylmercury (median of 42 percent) but ranged from 7 to 81 percent.
Study area wetland sediment samples contained a typical amount of total mercury, but these sediment samples contained nearly double the methylmercury of typical stream sediments throughout the United States. The maximum methylmercury concentration in study area wetland water samples approached the highest published water concentration in uncontaminated waters of which we are aware. The upper quartile of water methylmercury concentrations in study area wetland samples (2.9 to 4.5 ng/L) exceeded most other reported water methylmercury concentrations but was similar to methylmercury concentrations reported for some impoundments and wetlands in northwestern Minnesota and North Dakota. Methylmercury concentrations in sampled wetlands were much higher than typical concentrations in lakes or flowing streams.
The high concentrations of methylmercury found in sampled wetlands indicate the potential for substantial methylmercury concentrations in aquatic biota and wildlife that consume those biota. Although the study area does not contain a fishery, the high methylmercury concentrations observed demonstrate that these wetlands are a methylmercury source for downstream lakes and rivers. In recent years, other food-web routes have been recognized as a toxicologically important source of methylmercury to wildlife.
The high concentrations of water methylmercury, combined with the strong bioaccumulation potential of methylmercury and its known ecotoxicological importance in aquatic food webs and birds that feed in those food webs, indicate a need to assess methylmercury levels and possible ecotoxicological endpoints within these ecosystems. Better understanding of factors that control methylmercury production and of methylmercury levels within aquatic food webs in ecosystems of the Glacial Ridge National Wildlife Refuge would enable resource managers to better understand and manage risk to wildlife.
